ABSTRACT The purpose of this study was to validate a semiautomatic method for quantitating the size of relative myocardial perfusion defects from single-photon emission computed tomographic (SPECT) images. We (r -.92). However, myocardial relative defect volumes involving less than 5% of myocardium were not identified by SPECT. The defect volume weighted for the relative reduction in flow within the defect zone or the relative "reduced perfusion volume" was also determined. The correlation between the estimates by SPECT and those made in vitro for relative reduced perfusion volume was also high (r = .94). The method was then evaluated under conditions simulating the clinical imaging situation by injecting 201Ti intravenously into 10 resting dogs. Relative defect volume in vivo by SPECT was 29.38 + 13.3% of left ventricular volume compared with a relative defect volume in vitro of 35.09 ± 10.73% of left ventricular myocardial volume (p = .09). The correlation between the two was .70. The tomographic relative reduced perfusion volume occupied 11.4 + 7.8% of the left ventricular volume compared with 16.9 ± 9.3% (p = .003) for the measure in vitro. Correlation between the SPECT and anatomic estimates of relative reduced perfusion volume was high (r = .88). We conclude that the size of a relative myocardial perfusion defect can be accurately quantitated by single-photon tomography. The techniques described may prove useful in the assessment in vivo of interventions directed at altering myocardial infarct size, in the determination of extent of ischemic myocardium, or in the diagnostic evaluation of patients with suspected coronary artery disease.
imaging modalities have been proposed to define myocardial perfusion defects. 4 SO In this study, we employed single-photon emission computed tomography (SPECT) to externally quantitate myocardial perfusion defects. For imaging of this type a standard gamma camera that rotates about the subject and readily available radionuclides are used, and it is thus relatively inexpensive and potentially widely applicable. A prior study in our laboratory has established that the visual analysis of SPECT images improves the ability to detect myocardial infarction when compared with conventional planar imaging. "I The purpose of this study LABORATORY INVESTIGATION SINGLE-PHOTON EMISSION TOMOGRAPHY abnormalities and to validate it by direct tissue counting. We studied both an idealized preparation using intra-atrial 9smTc-labeled particles and a more clinically relevant preparation in which intravenous 201T1 was used. Methods
Animal preparation
Myocardial labeling with s9mTc particles. Nine mongrel dogs (25 to 45 kg) were instrumented with a left atrial catheter. Alternate dogs had a hydraulic coronary artery occluder placed on either the left anterior descending or circumflex coronary artery. The occluder was placed so that a wide size range of myocardial perfusion defects would be created. The amount of hydraulic pressure needed to produce complete occlusion of the coronary artery was determined. After a 10 day recovery period, each dog underwent baseline imaging without occlusion, and 1 week later imaging was performed after occlusion.
During baseline imaging coronary blood flow was increased by intravenous injection of dipyridamole (0.4 mg/kg), which was used to maximize delivery of radionuclide to the myocardium and thus increase the target to background counts for imaging purposes. This dose of dipyridamole has previously been shown to increase coronary flow by three to fivefold over resting levels by 5 min after injection.'2 To assess myocardial perfusion, 2 to 3 million macroaggregated albumin (MAA) partidles labeled with 9smTc (mean dose 19.2 mCi, range 17 to 23) were injected into the left atrium 5 min after the dipyridamole infusion. The animals were lightly sedated with xylazine (0.5 mg/kg) and placed on the imaging table. Baseline SPECT images of the distribution of normal blood flow were acquired (see below).
One week later, hyperemia was again induced with dipyridamole as before. The coronary artery of each dog was occluded by applying 50% more pressure to the occluder than was needed to produce occlusion at the time of surgery. The myocardium was then labeled by an identical left atrial injection of 99'1Tc-MAA particles as used for the baseline study. After particle distribution, the coronary occluder was released and tomographic images were acquired. The animal was then heparinized, anesthetized, and killed.
Intravenous myocardial labeling with 201T1. A second series of 10 dogs was studied with use of intravenous 201T1 injected into animals at rest, simulating clinical imaging in patients with myocardial infarction. Dipyridamole was not used. For the baseline study, 1.0 to 1 .5 mCi of 20ITI was injected intravenously into animals standing quietly. They were then sedated and 20 min later, baseline tomographic imaging was begun. One week later the animals were sedated, intubated, anesthesized, and ventilated. After pretreatment with intravenous lidocaine, each heart was exposed through a left thoracotomy and in alternate dogs either the left anterior descending or circumflex coronary artery was ligated. The chest was closed, an identical amount of 2011 as used for the baseline image was injected intravenously, and 20 min after injection, acquisition of tomographic images was begun. Upon completion of the experiment the animals were killed.
Preparation in vitro. In both series of experiments the hearts were excised and washed free of blood with 370 C saline and a polyurethane resin was introduced into the right and left ventricular chambers simultaneously. This resin hardens, allowing pathologic sectioning as previously described. 13 With the use of the apex of the left ventricle as a reference, each heart was cut into a series of 18 mm thick cross-sectional slices perpendicular to the long axis of the left ventricle. The slice thickness of 18 mm approximated the in-air, full-width-at-half-maximum reso- Data analysis Anatomic slices (analysis in vitro). Analysis of the anatomic slices was performed in the same way for both series of animals. Left ventricular weight for each animal was determined by summing the weights of the 128 samples (four cross-sectional anatomic slices x 32 samples per slice). To define the segments with a normal distribution of activity, we identified on each slice the location of that segment containing the coronary artery that was occluded. A segment 180 degrees away in the opposite wall was considered to be in the center of the normal zone for that slice. Five samples on either side of the reference normal segment were identified, the counts per minute per gram as measured by well counting for these 11 normal samples were summed, and the mean and SD counts per minute per gram were determined. This was considered to be the normal value for the slice under consideration. The counts from all 32 myocardial samples for each slice were then examined and those samples in which activity fell below 2 SDs of this mean normal value were defined as abnormal. This statistical definition was employed to correspond to our analysis of tomographic images (see below 40 . The projection images from both the baseline and the occlusion studies were reconstructed into a series of 6 mm thick transaxial slices with use of filtered backprojection techniques. Details of the system resolution, performance, and image reconstruction process used have been described. 14 These transaxial slices were then reoriented into a series of short-axis slices perpendicular to the long axis of the left ventricle. '5 Quantitative analysis was initiated by summing all of the short-axis slices to form a composite image. Then, as shown in figure 2 , the approximate geometric center in this image was estimated by technician placement of a cross-hair. The two orthogonal long-axis images defined by the cross-hair for the three-dimensional data set were then displayed as shown in figure 2. These two images were used to define the final threedimensional volume in which data would be analyzed. Non-left ventricular activity was excluded by operator placement of a rectangular region of interest on these images. The apex was defined by a threshold value of 45% of the overall maximal counts per pixel for the left ventricle (figure 2), based on results of phantom experiments* and those of Tauxe et al. 16 The twelfth slice (7.2 cm from the apex) was chosen as the base to correspond to the measured anatomic long axis of the excised heart (see above).
Outer myocardial edges for each short-axis slice were defined by a threshold value of 45% of the maximal count value for a given slice. The maximal count value of each slice, rather than the maximal value for the entire heart, was used to partially correct for attenuation losses. Thus, although absolute count values were lower in the slices at the base of the heart because of attenuation, the relative thresholding per slice was the same for all slices. If, because of a perfusion defect, no outer edge was found, the location of the edge for the prior slice was used. In the case of a large defect with no previous slice for comparison, symmetry of the slice about the long axis was assumed and the radial distance out from the centerline to the opposite wall was used. These edges, as shown in figure 2, were used to define the major and minor diameters of an elliptical region of interest to be applied subsequently to each raw short-axis image. When summed for all slices, these ellipses represented the three-dimensional volume in which activity was quantitated and included both myocardium and blood pool. For 20ITI imaging, resolution of the edges of small blood pool chambers has not been reliable and we therefore chose not to attempt to identify the endocardial border on any of the studies. An example of a I°IT image in a dog (figure 3) demonstrates this point.
To define count activity within the volume of myocardium, the 12 tomographic cross-sectional slices were compressed into four sequential slices of equal thickness beginning with the apical slice. This was done so that the tomographic and anatomic slices were comparable. Equally spaced radians were projected from the center of each short-axis slice to create 32 sectors, as was done for the anatomic slices (figure 4). The number of pixels, the number of counts, and the maximal counts in each ume, the tomographic relative defect volume had a high correlation with that determined in vitro (r -.92; figure 8 ). Defects of less than 5% of the left ventricular volume were not identified tomographically, however. The tomographic relative reduced perfusion volume expressed as a percent of total left ventricular volume correlated closely (r -.90) with the anatomic relative reduced perfusion volume expressed as a percent of total left ventricular volume. Again, smaller relative reduced perfusion volumes were not identifiable by the tomographic approach.
The absolute values for the tomographic measurement were systematically higher than the values in vitro because the volume of the central blood pool was included for the tomographic measurements but not for those in vitro. When defect size was expressed as a percentage of the left ventricle, the blood pool volume dropped out of the calculations because it was present in both the numerator and denominator. Thus, in general, our results are presented as a percent of the left ventricle involved.
Analysis of 201T1-labeled hearts in vitro. The mean volume of the left ventricular myocardium for the 10 animals in the 201T1 study was 87.14 ± 14.02 cm3. Mean When expressed as a percentage of left ventricular volume, the tomographic relative defect volume correlated reasonably well with the in vitro relative defect volume (r = .70). The tomographic relative reduced perfusion volume expressed as a percent of total left ventricular volume correlated closely (r .88) with the anatomic relative reduced perfusion volume expressed as a percentage of total left ventricular volume (figure 9). Small relative reduced perfusion volumes (less than 5% of left ventricular volume) were not identifiable tomographically.
Reproducibility. For the studies in which the radiolabeled MAA particles were used the interobserver variability for determination of relative reduced perfusion volume (in cm3) by the tomographic method was small General limitations to our approach can be related (1) to this particular method of analysis or (2) to SPECT per se. Our analysis requires the definition of the apex of the heart, a region often involved in perfusion abnormalities. When totally nonperfused, the location of the apex must be estimated. For defects in areas of the myocardium other than the apex, the boundary is chosen either on the basis of the location of the boundary on the previous slice or by assuming radial symmetry about the long axis of the left ventricle. These approaches were also satisfactory for some of the apical slices. For others, however, it was necessary for the technician to estimate the location of the apex from a visual impression of overall myocardial shape. Both our results and the reproducibility studies suggest that this approach was satisfactory in our study animals, eight of which had perfusion defects involving the apex. An alternative approach might be one in which a tomographic gated blood pool image is used to define the apex. Another limitation for patient studies is the lack of an optimal perfusion imaging agent.
However, the results with 201T1 in this study support the feasibility of its clinical use. For this study, the base arbitrarily chosen on the tomographic images was that which corresponded to the anatomically defined base (see Methods). For clinical studies, the base could be identified by the 45% threshold method used for identifying the apex and the epicardial boundaries or by the operator.
When the size of the defect was expressed as the volume in cubic centimeters of myocardium involved, our tomographic estimate was systematically high. This overestimation occurred, to a large extent, because the tomographic analysis included the blood pool in the regions of interest applied to the short-axis slices, whereas the ventricular cavity was excluded in the analysis of the anatomic slices. The blood pool was included in the tomographic images because (1) it was difficult to determine the precise location of the blood pool-endocardial boundary on the tomographic slices, and (2) the contribution of activity from the blood pool to any of the 32 sectors in each slice is nil compared with the contribution from the myocardial activity. Since this analysis is based on the maximum counts per pixel per sector, the pixel with the maximum number of counts will not be located in the blood pool. When our analytical approach is applied clinically, the count distribution for an individual patient is compared with that in a series of normal subjects without ventricular hypertrophy or any recognizable heart disease. How 
